It was found recently that a diabetes-associated protein in insulin-sensitive tissue (DAPIT) is associated with mitochondrial ATP synthase. Here, we report that the suppressed expression of DAPIT in DAPIT-knockdown HeLa cells causes loss of the population of ATP synthase in mitochondria. Consequently, DAPIT-knockdown cells show smaller mitochondrial ATP synthesis activity, slower growth in normal medium, and poorer viability in glucose-free medium than the control cells. The mRNA levels of ␣-and ␤-subunits of ATP synthase remain unchanged by DAPIT knockdown. These results indicate a critical role of DAPIT in maintaining the ATP synthase population in mitochondria and raise an intriguing possibility of active role of DAPIT in cellular energy metabolism.
associated with mammalian mitochondrial ATP synthase (12, 13) .
In this report, we focused on DAPIT, a small (58-amino acid), basic (pI ϭ 10.4) protein with a single putative transmembrane segment (14) . DAPIT was first recognized as a gene product whose mRNA level increased during skeletal muscle growth in rats and decreased by treatment with streptozotocin, a drug that induces diabetes (15) . DAPIT is associated with ATP synthase in a stoichiometric manner but is not found in ATP synthase purified in the absence of phospholipids (12) . Also, DAPIT is prone to dissociation from ATP synthase in the presence of relatively strong detergents, but ATP synthase without DAPIT still retains the same ATP hydrolysis activity (13) . Orthologs of DAPIT and MLQ are found in vertebrates and invertebrates but not in yeast and other fungi (12) . From these observations, DAPIT has been assumed to have some minor roles that are dispensable for the core function of ATP synthase. However, here we report that knockdown of DAPIT resulted in a drastic decrease in the population of ATP synthase in human cells.
EXPERIMENTAL PROCEDURES
Cells and Materials-HeLa and Phoenix GP cells were purchased from Health Science Research Resources Bank (JCRB9004) and American Type Culture Collection (SD-3514), respectively. They were cultured at 37°C in a 5% CO 2 incubator in Dulbecco's modified Eagle's medium (DMEM) (Nissui Pharmaceutical) supplemented with 10% FBS (Invitrogen). Unless otherwise stated, DMEM containing 0.1% glucose was used. Oligomycin was purchased from Cell Signaling Technology. Antibodies against ATP5A (␣-subunit), ATP5B (␤-subunit), and voltage-dependent anion channel protein (VDAC) were purchased from Molecular Probes (A21350 and A21351) and Abcam (ab16816), respectively. HRP-linked anti-mouse and anti-rabbit antibodies were purchased from GE Healthcare (NA931 and NA934). Rabbit antibody against human DAPIT was obtained by using purified DAPIT with histidine tag at the C terminus expressed in Escherichia coli.
Retroviral Gene Transduction-For knocking down of DAPIT, we used four shRNAs: shDAPIT-1 (TACCAGTT-CACTGGTATTA), shDAPIT-2 (CTGTGTACTGGCCAC-ATAT), shDAPIT-3 (GTTAAGGTCCAAAAAAACT), and shDAPIT-4 (TCGTCTGTGCTGCCAATCGACTCGGC-1 Both authors contributed equally to this work. 2 To whom correspondence should be addressed. E-mail: masasuke.yoshida@ cc.kyoto-su.ac.jp. 3 The abbreviations used are: DAPIT, diabetes-associated protein in insulin-sensitive tissue; CCCP, carbonyl cyanide m-chlorophenylhydrazone; TMRE, tetramethylrhodamine ethylester; VDAC, voltage-dependent anion channel.
GTG) targeted to the coding sequence and 5Ј-UTR of the human DAPIT gene. They were cloned to shRNA-expressing retroviral vector of pSUPER.retro.puro (OligoEngine). A packaging cell Phoenix GP was transfected with a retroviral vector and pCI-VSVG (Addgene) to express vesicular stomatitis virus-G envelope protein. Each retrovirus was used to infect the target HeLa cells (16) . mRNA Quantification-mRNAs for ATP5A1 (␣-subunit), ATP5B (␤-subunit), and glyceraldehyde-3-phosphate dehydrogenase in the infected HeLa cells were quantified by PCR. The total RNA was isolated with an illustra RNAspin Mini RNA Isolation kit (GE Healthcare), and cDNA was synthesized with PrimeScript II reverse transcriptase using oligo(dT) primer (TAKARA). PCR was performed on the StepOnePlus TM instrument (Applied Biosystems) with a SYBR Green Master Mix (Applied Biosystems) using the following primers: ATP5A1 forward, 5Ј-CAAGCCTTGTTGGGCACTAT-3Ј and reverse, 5Ј-AGCTTCAAATCCAGCCAAGA-3Ј; ATP5B forward, 5Ј-CCCTGAAGGAGACCATCAAA-3Ј and reverse, 5Ј-TTG-CCACAGCTTCTTCAATG-3Ј; glyceraldehyde-3-phosphate dehydrogenase forward, 5Ј-GCTCTCCAGAACATCAT-CCC-3Ј and reverse, 5Ј-TTTCTAGACGGCAGGTCAGG-3Ј. The data were calculated according to the ⌬⌬Ct method (17) using mRNA of glyceraldehyde-3-phosphate dehydrogenase as an internal calibration standard.
Cell Growth and Viability-Proliferation of cells was measured by Cell Count Reagent SF (Nacalai tesque), a method based on colorimetric quantification of NADH in the culture that is proportional to cell number (18) . Briefly, cells were passaged at 5.0 ϫ 10 2 cells in a 96-well plate and cultured overnight. Culture was continued another 2 days, and the amounts of NADH before and after the 2-day culture were compared with the estimated proliferation of cells. Viability of cells in the glucose-containing and glucose-free DMEM was tested as follows. After the cells were passaged at 1.0 ϫ 10 5 cells in a 6-cm dish and incubated overnight, the culture medium was exchanged either with new DMEM, which contained 0.1% glucose, or new glucose-free DMEM, which contained 0.1% galactose instead of glucose. In this experiment, the dialyzed FBS was used for a supplement. After a 2-day culture, cells were trypsinized, collected, and treated with trypan blue, and the numbers of living and dead cells were counted by a Countess TM automated cell counter (Invitrogen).
Measurement of Membrane Potentials-HeLa cells (shMock, shDAPIT-2, shDAPIT-4) were grown in DMEM without phenol red on a 35-mm glass-bottom dish (IWAKI). The dish was set on a microscope (Olympus IX-81) and incubated with 50 nM tetramethylrhodamine ethylester (TMRE) (Molecular Probes) for 10 min at 37°C in a CO 2 chamber attached to the microscope. The fluorescent images of TMRE were observed with a filter unit (Olympus U-MWIG3; excitation 530 -550 nm, emission Ն575 nm). Then, 10 M (final concentration) carbonyl cyanide m-chlorophenylhydrazone (CCCP) was added, and fluorescent images were observed after 10 min.
Other Procedures-ATP synthesis activities of cultured cells were measured by a newly developed assay that utilized streptolysin O to make plasma membrane-permeable (16). Mitochondria were fractionated from digitonin-solubilized cells as (19) . To avoid proteolytic degradation, homogenization buffer (83 mM sucrose, 6.6 mM imidazole-HCl, pH 7.0) was supplemented with 1ϫ Complete, EDTA-free protease inhibitor mixture (Roche Applied Science). The protein content was measured by the BCA protein assay kit (Thermo Scientific), using BSA as a standard. The fractionated mitochondria were stored Ϫ80°C in 20 mM imidazole-HCl, pH 7.0, containing 250 mM sucrose and 1ϫ Complete, EDTA-free protease inhibitor mixture. Clear Native PAGE was performed on a 3.5-18% polyacrylamide gradient gel as described (20) . Mitochondrial fractions (5 g) were suspended with 4.5 l of solubilization buffer (50 mM NaCl, 50 mM imidazole-HCl, pH 7.0, 2 mM 6-aminohexanoic acid, 1 mM EDTA, and 15 g of digitonin) on ice for 10 min. Samples were centrifuged at 100,000 ϫ g for 15 min at 4°C. The supernatant was mixed with 0.1 volume of a loading buffer (50% glycerol and 0.1% Ponceau S) and applied to electrophoresis at 4°C. For Western blotting, gels were blotted onto PVDF membrane (Bio-Rad) by a wet blotter (Bio Craft) at 30 V for overnight with Towbin buffer supplemented with 20% ethanol and 0.037% SDS. Monoclonal antibodies against ␣-subunit (1:100,000), ␤-subunit (1:100,000), and VDAC (1:50,000), polyclonal antibody against DAPIT (1:20,000), and HRPlinked antibodies anti-rabbit (1:1,000,000), and anti-mouse (1:1,000,000) were used. The bands were then visualized by Lumigen TM ECL Advance (GE Healthcare). The chemiluminescence was detected on an LAS-4000 system (Fujifilm). Staining intensities of the individual bands were quantified with ImageJ (National Institutes of Health).
RESULTS

DAPIT Production Is Suppressed in Knockdown Cells-We
have established four HeLa cell lines that constitutively produced the short hairpin RNAs (shRNAs), each targeting different coding sequence and 5Ј-UTR of the human DAPIT gene. Expression of DAPIT protein in the cell and localization in mitochondrial fraction were analyzed with SDS-PAGE followed by Western blotting. Among four shDAPIT cells, shDAPIT-2 cells and shDAPIT-4 cells showed a significantly suppressed expression of DAPIT protein (Fig. 1A, upper) . Also, mitochondria in these two cells contained a decreased amount of DAPIT, that is, 45 and 2%, respectively, compared with mock-treated HeLa cells (shMock) (Fig. 1A, lower) . Protein synthesis machineries (transcription and translation) were not impaired by DAPIT knockdown as seen in normal expression of a control mitochondrial protein VDAC (Fig. 1B) .
DAPIT-knockdown Cells Lose Population of ATP Synthase in Mitochondria-Next, mitochondrial fractions of shDAPIT cells were analyzed with Clear Native PAGE, and ␣-subunit, ␤-subunit, and DAPIT were visualized by Western blotting (Fig. 2A) . In mitochondria from all cells, DAPIT, as well as ␣-and ␤-subunits, existed as components of ATP synthase, confirming the previous reports that DAPIT is one of the subunits of mammalian mitochondrial ATP synthase (12, 13) . Judging from the staining intensities of the bands of ATP synthaseintegrated ␣-, ␤-subunit, and DAPIT, the population of ATP synthase in mitochondria in shDAPIT-2 and shDAPIT-4 cells was significantly decreased, ϳ50 and ϳ25% of that of the shMock cell, respectively. Thus, it appears that the amount of available DAPIT limits the population of ATP synthase in mitochondria. Free monomers of ␣-and ␤-subunits were also seen faintly and clearly, respectively. For each subunit, the amount of free subunit appeared to correlate with the amount of ATP synthase, suggesting that the free subunits are products of disassembly of ATP synthase. Because free monomers were found even in shMock cells, disassembly was not characteristic of DAPIT knockdown but occurred naturally in all cells. The reason why the amount of free ␣-subunit was much smaller than that of free ␤-subunit is not known. SDS-PAGE analysis showed that total amounts of ␣-and ␤-subunits in mitochondria of shDAPIT-2 and shDAPIT-4 cells matched their amounts in Clear Native PAGE (Fig. 2B) . These results show that DAPIT knockdown results in loss of population of mature ATP synthase in mitochondria.
Transcription and Mitochondrial Transport of ␣-and ␤-Subunits Are Normal in DAPIT-knockdown Cells-To examine a possibility that shRNA directly suppressed transcription of genes of ATP synthase, levels of mRNAs of ␣-and ␤-subunits were measured by real-time PCR (Fig. 3) . As seen, there was no significant difference in mRNA levels of ␣-and ␤-subunits between the DAPIT-knockdown cells and the shMock cell. Given that translation of mRNA by ribosomes was not impaired in the knockdown cells as shown for normal VDAC expression (Fig. 1) , this result indicated that ␣-and ␤-subunits, and most likely other subunits as well, should be synthesized normally in the DAPIT-knockdown cells.
Further, transport of ␣-and ␤-subunits into mitochondria in the DAPIT-knockdown cells was not impaired because accumulation of precursor ␣-and ␤-subunits with a mitochondriatargeting presequence was not found in SDS-PAGE of whole cell extracts of all tested cells (data not shown). Therefore, it appears that ␣-and ␤-subunits are synthesized and transported into mitochondria normally.
ATP Synthesis, Cell Growth, and Viability Are Impaired by DAPIT Knockdown-Mitochondrial ATP synthesis activity of the DAPIT-knockdown cells was measured (16) . The proton motive force necessary for ATP synthesis was generated by succinate oxidation. As expected from the decreased population of ATP synthase, ATP synthesis activity of shDAPIT-2 cells and that of shDAPIT-4 cells were ϳ90 and ϳ60% of that of the shMock cells, respectively (Fig. 4A) . The respiratory electron transfer chains in these cells were functioning to produce proton motive force as demonstrated by accumulation of a membrane-potential probing dye, TMRE, in mitochondria that was dissipated by CCCP (Fig. 4B) . ATP synthesis was completely inhibited by oligomycin in all cases, ensuring that we observed ATP synthesis by mitochondrial ATP synthase but not by adenylate kinase. The measured mitochondrial ATP synthesis activity did not agree with the population of ATP synthase in mitochondria; in the case of shDAPIT-4, ϳ25% of ATP synthase was responsible for ϳ60% ATP synthesis. This apparent disagreement can be explained by the presence of 2-fold more population of ATP synthase in mitochondria than needed for the maximum ATP synthesis activity as seen in ␤-subunit knockdown cells (16) .
Cell proliferation of shDAPIT-2 and shDAPIT-4 after a 2-day culture was 70 and 50% of that of shMock cells (Fig. 5A) . As the population of ATP synthase in the cell decreases, ATP production should become more dependent on glycolytic pathway, and viability of cells should be more susceptible to deprivation of glucose. Indeed, this was observed for the ␤-subunit knockdown cells (sh␤-3), in which population of ATP synthase was Ͻ5% of the mock cell (16) . When glucose in the culture medium of the sh␤-3 cells was substituted with galactose that was unavailable for glycolysis, Ͼ80% of the cells died in 2 days (Fig. 5B) . Under the same conditions, 40% of shDAPIT-4 cells died in galactose whereas only 10% of the shMock cells died in galactose (Fig. 5B) .
DISCUSSION
DAPIT is not essential for function and structure of mature ATP synthase. It is easily lost from ATP synthase during purification (12) or by exposure to relatively strong detergent (13) without losing the structural integrity and the core function of ATP synthase (13) . This work, however, reveals that DAPIT is essential to maintain the population of ATP synthase in mitochondria in living cells. It appears that the transcription and translation are not impaired in DAPIT-knockdown cells (Fig. 1,  3) , and therefore, assembly or degradation of ATP synthase should be affected by DAPIT. Given that DAPIT-less ATP synthase is structurally stable (13) , it is likely that DAPIT plays a role in assembly of ATP synthase even if a potential role in protection from degradation is not excluded. The absence of structurally indispensable subunit should cause the failure of the assembly of ATP synthase as observed for knockdown cells of ⑀-subunit (21) and ␤-subunit (16). However, because DAPIT is dispensable for mature ATP synthase, it might play a chaper- one-like role in the assembly of ATP synthase. The assembly of mitochondrial ATP synthase proceeds through several candidate intermediate subcomplexes such as F 1 , c-ring-F 1 , c-ring-a, and peripheral stalk (22) and, different from prokaryotic ATP synthase, the assembly depends on many factors and chaperones (23, 24) . DAPIT has a putative transmembrane segment and should be associated with the F 0 portion in ATP synthase. It is, therefore, tempting to assume that DAPIT assists subunit assembly of the F 0 portion. Without assembled F 0 portion, F 1 or even its subcomplex cannot exist stably as demonstrated in Clear Native PAGE ( Fig. 2A) , where no protein band other than free and the ATP synthase-integrated subunit was seen.
Our finding provides a plausible explanation for physiological consequence caused from failure of the controlled DAPIT production. It was reported that the mRNA level of DAPIT in skeletal muscle in rat was elevated after active stretching of muscles, apparently to meet the increasing demand for ATP by increasing population of ATP synthase. The DAPIT gene was located within the locus whose deletion caused diabetes-associated phenotype of a diabetic rat (25) and mRNA level of DAPIT was lowered when diabetes was induced by streptozotocin (15) . The poor DAPIT production should result in scarce population of ATP synthase and low level of ATP production, which in turn suppresses mitochondrial respiration first and glucose consumption next. Low level of cellular glucose consumption suppresses glucose uptake from blood and weakens the effect of insulin. The factor controlling DAPIT expression and actual roles of DAPIT in mitochondrial ATP production and in glucose metabolism are worth studying especially in the insulin-sensitive cells.
